Although right ventricular (RV) pacing is the only effective treatment for patients with symptomatic bradycardia, it creates left ventricular (LV) dyssynchrony, which can induce LV dysfunction and heart failure. The current criterion for consideration of cardiac resynchronization therapy (CRT) is LV ejection fraction (LVEF) ! 35%, but indication for CRT in patients required for RV pacing with LVEF > 35% remains unclear.
A lthough right ventricular (RV) pacing is the only effective treatment for patients with symptomatic AV conduction disturbance, it causes left ventricular (LV) dyssynchrony, which can induce LV dysfunction and heart failure (HF).
1) The current criterion for consideration of cardiac resynchronization therapy (CRT) is LV ejection fraction (LVEF) !35%, but the indication for CRT required for RV pacing for patients with LVEF > 35% remains unclear. It was recently reported that CRT is being developed as a realistic treatment option to prevent LV dysfunction induced by RV pacing, even for symptomatic patients with bradycardia and normal LVEF. [1] [2] [3] The adverse effects of RV pacing on patients with indications for RV pacing due to bradycardia may be prevented by CRT, but risk stratification of future LV dysfunction for such patients remains ambiguous. We therefore used a variety of patients, who had previously had had implantable cardioverter-defibrillators (ICD) implanted, to verify the following hypothesis; 1) the effect of RV pacing on LV performance including LVEF and LV dyssynchrony may differ depending on baseline LVEF; and 2) changes in LVEF during RV pacing correlate with those in LV dyssynchrony.
Methods
Study population: For this study, 54 consecutive patients with LVEF "35% who underwent ICD implantation at Kobe University Hospital between August 2005 and July 2015 were prospectively analyzed. The RV lead in all patients was positioned at the RV apex through a transvenous route. Excluded were patients with one or more of the following: 1) chronic RV pacing "5% determined during device interrogation at the time of enrollment; 2) coronary artery disease, defined as a single coronary artery stenosis of > 50% of the diameter of a major epicar-Ooka, ET AL Figure 1 . Left ventricular dyssynchrony is shown as the interval (white arrow) between the time-to-peak speckletracking radial strain in the anteroseptal and peak radial strain to the posterior wall. dial vessel; 3) atrial fibrillation; 4) more than moderate aortic and/or mitral valvular disease; 5) left bundle branch block. Consequently, 40 patients who had undergone ICD implantation were enrolled in the final study group. At the time of enrollment, all patients were in clinically stable condition. This study was approved by the local ethics committee, and written informed consent was obtained from all patients. Echocardiographic examination: Two-dimensional echocardiography was performed using a commercially available ultrasound system (Aplio Artida; Toshiba Medical Systems, Tochigi, Japan). Digital routine grayscale twodimensional cine loops from three consecutive heartbeats were obtained at end-expiratory apnea from the standard parasternal views and three apical views. Sector width was optimized to allow for complete myocardial visualization while maximizing the frame rate. LV measurements were obtained in accordance with the current guidelines of the American Society of Echocardiography/European Association of Cardiovascular Imaging. 4, 5) The early diastolic and atrial wave velocities (E and A, respectively) and the Ewave deceleration time were measured using a pulsedwave Doppler recording from the apical four-chamber view. Spectral pulsed-wave Doppler-derived early diastolic velocity (E') was obtained from the septal mitral annulus, and the E/E' ratio was calculated to obtain an estimate of LV filling pressure. 6, 7) Digital data were transferred to dedicated software (Ultra Extend, Toshiba Medical Systems, Tochigi, Japan) for subsequent off-line speckletracking analysis.
Each patient underwent echocardiographic imaging during each of two conditions: 1) patient's own beat; 2) DDD pacing (AV delay = 50 ms), during which ventricular electromechanical activation was dictated entirely by RV apical pacing. In the latter case, echocardiography was performed immediately after changing the DDD pacing mode. Assessment of LV dyssynchrony: Two-dimensional speckle-tracking radial strain from routine grayscale mid-LV short-axis images was used to assess LV dyssynchrony as previously described in detail. [8] [9] [10] [11] [12] LV dyssynchrony was defined as the time difference from the anteroseptal to the posterior wall segmental peak strains and measured using speckle-tracking radial strain, and was considered significant at !130 ms [8] [9] [10] [11] (Figure 1 ). Statistical analysis: Continuous variables are expressed as mean ± SD or percentages or median (interquartile range), while categorical data are summarized as frequencies and percentages. The parameters of the two subgroups were compared by using Student t test or Mann-Whitney U test as appropriate. Proportional differences were evaluated with Fisher s exact test. Correlation analysis was performed by using linear regression and expressed as a Pearson correlation coefficient. The initial univariate logistic regression analysis to identify univariate predictors of LV dyssynchrony caused by RV pacing was followed by a multivariate logistic regression model using stepwise selection, with the p levels for entry from the model set at < 0.10. The optimal cutoff value of LVEF for predicting significant LV dyssynchrony during RV pacing was determined with the aid of receiver-operator characteristics (ROC) curve analysis. The inter-observer and intraobserver variabilities for LV dyssynchrony were assessed by means of intra-class correlation coefficients from 10 randomly selected patients. Statistical significance was basically defined as P value < 0.05 for each step. MedCalc version 15.11.4 (MedCalc Software, Mariakerke, Belgium) was used for all analyses.
Results

Baseline characteristics:
The baseline clinical and echocardiographic characteristics of the 40 patients are summarized in Table I . In this study, patients were divided into two groups according to their baseline LVEF. In total, 20 patients were classified as the normal LVEF group with LVEF !50%, and the remaining 20 patients as the mildly reduced LVEF group with LVEF of 35-50%. All
Risk of LV Dysfunction due to RV Pacing baseline clinical characteristics were similar except that the mildly reduced LVEF group was likely to have more ischemic etiology (55% versus 20%; P < 0.01). As expected, LV dimensions and volumes of the mildly reduced LVEF group were significantly larger than those of the normal LVEF group. Effect of RV pacing on LV performance: No significant change was observed in LVEF of the normal LVEF group during RV pacing from 60 ± 6% to 58 ± 8% (P = 0.57), but LVEF of the mildly reduced LVEF group was significantly reduced during RV pacing from 43 ± 4% to 38 ± 6% (P < 0.01) (Figure 2 ). In addition, change in LV dyssynchrony of the normal LVEF group during RV pacing was similar, from 16.5 ms (0.0-18.5) to 27.5 ms (14.3-75.5) (P = 0.14), whereas that of the mildly reduced LVEF group was significantly larger during RV pacing, increasing from 56.5 ms (16.0-81.1) to 169.9 ms (107.9-251.3), (P < 0.01) (Figure 3) . Also, change in LV dyssynchrony during RV pacing correlated significantly with that in LVEF during RV pacing (r = -0.44, P < 0.01) ( Figure   4 ). Changes in time-to-peak strain during RV pacing: Table II shows changes in time-to-peak strain during RV pacing of the two groups. No significant changes were observed in time-to-peak radial strain of the anteroseptal and posterior wall during RV pacing in the normal LVEF group. In the mildly reduced LVEF group, however, timeto-peak radial strain of the anteroseptal wall tended to occur earlier during RV pacing, but without statistical significance (316.6 ± 113.5 ms versus 277.8 ± 126.4 ms; P = 0.21), and time-to-peak radial strain of the posterior wall occurred significantly later during RV pacing from 383.2 ± 102.9 ms to 459.1 ± 131.3 ms (P < 0.01).
Predictor of significant LV dyssynchrony during RV pacing:
The odds ratio and 95% confidence interval (CI) for each baseline parameter for predicting significant LV dyssynchrony during RV pacing and determined with univariate and multivariate logistic regression analysis are shown in Table III . An important finding of the multivariate logistic regression analysis was that baseline LVEF Ooka, ET AL was the only independent predictor of significant LV dyssynchrony during RV pacing. ROC curve analysis showed that LVEF < 48% was predictive of significant LV dyssynchrony during RV pacing with a sensitivity of 81%, specificity of 71%, and area under the curve of 0.803 (P < 0.01) ( Figure 5A ). In addition, ROC curve analysis showed that LVEF < 42% was predictive of LVEF ! 35% during RV pacing with a sensitivity of 100%, specificity of 94%, and area under the curve of 0.938 (P < 0.001) ( Figure 5B ).
Reproducibility of LV dyssynchrony:
The intra-class correlation coefficients for intra-observer reproducibility was 0.899 (95% CI: 0.649-0.974) for LV dyssynchrony, while the corresponding correlation coefficient for interobserver reproducibility was 0.892 (95% CI: 0.627-0.9720).
Discussion
The findings of our study demonstrated that LV performance of patients with mildly reduced LVEF of 35-50% was more impaired during RV pacing than that of patients with normal LVEF of "50%. In addition, change in LVEF during RV pacing correlated with that in LV dyssynchrony. It was a significant finding that baseline LVEF plays an important role in the development of LV dyssynchrony during RV pacing even in patients with LVEF "35%. Adverse effect of RV pacing on LV performance: Permanent RV pacing is the only effective treatment for patients with symptomatic AV conduction disturbance, but it is associated with LV dysfunction and an increased risk of HF and death. [13] [14] [15] [16] It is also associated with adverse outcomes even for patients with bradycardia and preserved LVEF who had standard indications for RV pacing. 1, 2, 17) Furthermore, it is estimated that up to 40% of patients with permanent pacemakers have HF or LV systolic dysfunction because of frequent RV pacing and their underlying cardiac disease. 18) Thus, upgrading of RV pacing systems to CRT devices is often performed for patients who develop LV dysfunction due to RV pacing. 19, 20) The possible cause of the harmful effects of RV pacing is that RV pacing may create LV mechanical dyssynchrony, which may then induce LV dysfunction and clinical HF. The benefit of upgrading of RV pacing systems to CRT devices seems to be related to the resultant correction of LV dyssynchrony. CRT for patients with bradycardia and mildly reduced LVEF: Although CRT is a well-established therapy for advanced HF patients with LVEF ! 35% and wide QRS complex, 21) the potential benefit of CRT for patients with bradycardia and mildly reduced LVEF remains uncertain. A direct comparison between biventricular pacing and RV pacing for patients with bradycardia who required permanent RV pacing was previously performed. [22] [23] [24] For the BLOCK HF trial, 691 patients with atrioventricular block, New York Heart Association functional class I-III HF, and LVEF ! 50% were randomized to biventricular or RV pacing. 24) With a mean follow-up of 37 months, patients receiving biventricular pacing showed a significant 26% reduction in the combined end point such as all-cause mortality, urgent care for HF or increase in LV endsystolic volume index >15% when compared with patients receiving RV pacing. The benefits were similar for the CRT-P and CRT-D groups. In addition to these previous studies, we demonstrated the association of change in LV dyssynchrony with that in LVEF during RV pacing, with patients with LVEF < 48% in particular being more likely to be affected by RV pacing related LV dysfunction as well as deterioration of LV dyssynchrony. Clinical implications: Baseline LVEF in our study was strongly associated with the development of LV dyssynchrony and reduced LVEF during RV pacing. In particular, baseline LVEF of < 48% was linked to significant LV dyssynchrony of 130 ms as assessed by speckle-tracking radial strain during RV pacing. In addition, baseline LVEF of < 42% was also linked to LVEF !35% during RV pac- ing. This means that patients with bradycardia and mildly reduced LVEF such as 35-50%, who are undergoing constant RV pacing but do not meet the standard indication for CRT may well become future candidates for CRT due to constant RV pacing. Our findings indicate that the use of biventricular pacing rather than conventional RV pacing can be recommended for patients with bradycardia and mildly reduced LVEF of 35-50% to avoid upgrading to a CRT device and device-related complications. In addition, this may lead to reduce health care cost to avoid hospitalization. However, the difference in effectiveness between bradycardia patients with preserved AV conduction and AV block remains uncertain. Study limitations: Since this study conducted only acute effect of RV pacing, long-term clinical outcome data during RV pacing, such as exercise capacity, quality-of-life assessment, and survival, were not part of the study. Another limitation is that this study covered a small number of patients at a single-center study, so that future studies of larger patient populations are needed to validate our findings. In addition, we did not provide beneficial data by biventricular pacing in bradycardia patients with mildly reduced LVEF of 35-50% instead of RV pacing. Also, it remains unproved what kind of bradycardia patients were more likely to be adversely affected by RV pacing.
Conclusions
The extent of RV pacing-induced LV dysfunction may be associated with baseline LV function. Thus, these adverse effects on patients with mildly reduced LVEF of 35-50% and indications for RV pacing owing to bradycardia can be prevented by using CRT.
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